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Abstract. The mixing of active neutrinos with their sterile counterparts with keV mass is
known to have a potentially major impact on the energy loss from the supernova core. By re-
lying on a set of three static hydrodynamical backgrounds mimicking the early accretion phase
and the Kelvin-Helmoltz cooling phase of a supernova, we develop the first self-consistent,
radial- and time-dependent treatment of νs–ντ mixing in the dense stellar core. We follow
the flavor evolution by including ordinary matter effects, collisional production of sterile neu-
trinos, as well as reconversions of sterile states into active ones. The dynamical feedback
of the sterile neutrino production on the matter background leads to the development of a
ντ–ν¯τ asymmetry (Yντ ) that grows in time until it reaches a stationary value larger than 0.2.
Our results hint towards significant implications for the supernova physics, and call for a
self-consistent modeling of the sterile neutrino transport in the supernova core to constrain
the mixing parameters of sterile neutrinos.
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1 Introduction
Core-collapse supernovae (SNe) are amongst the most energetic and yet mysterious transients
occurring in our Universe. They originate from the death of stars with mass larger than 8M.
According to our current understanding, neutrinos play a pivotal role in the SN mechanism
by reviving the stalled shock wave and driving the SN nucleosynthesis [1–5].
Despite the well-known importance of neutrinos in the core collapse, their behavior in the
dense stellar core is not yet fully understood [1, 6]. Most importantly, current hydrodynamical
SN simulations are run under the assumption that neutrino flavor conversions do not play
any major role in the explosion mechanism [7–9]. Recent findings shed doubt on this ansatz,
and an agreement remains to be found [10–18].
Even more fundamentally, if particles beyond the Standard Model ones exist, they may
dramatically affect the SN explosion dynamics. In this context, the putative existence of
extra neutrino families, such as sterile neutrinos, may have a major impact; interestingly,
the existence of sterile neutrinos is compatible with current data coming from astrophysical,
terrestrial, and cosmological surveys. See Refs. [19–22] for recent reviews on the topic.
Over the years, several experiments reported evidence of sterile neutrinos in various
mass ranges [20, 21]. Although even eV-mass sterile neutrinos may have a non-negligible
impact on the SN nucleosynthesis and dynamics [23–27], in this work we focus on sterile
neutrinos with mass between 1 and 100 keV. Sterile neutrinos with mass up to O(50) keV
are potential dark matter candidates [19, 20, 28].
If heavy sterile neutrinos exist in SNe, they could have an impact on the SN physics [27,
29–34]. At the same time, the observation of neutrinos from the SN1987A can provide bounds
on the unknown mixing parameters of the sterile particles. However, in order to derive robust
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constraints on keV-mass sterile neutrinos in agreement with observations, a self-consistent
treatment of the sterile neutrino transport in the SN core is necessary. The latter has not
been developed yet, given the major challenges induced by the modeling of the neutrino
conversion physics in the extremely dense and degenerate SN core.
In this work, for the first time, we attempt to explore the effects of an extra sterile
neutrino family (νs) with keV mass on the transport of energy and τ neutrino lepton number
in the SN core self-consistently. To this purpose, we take into account the neutrino interaction
rates and carefully track the flavor evolution within the SN core by including ordinary matter
effects, collisional production of sterile neutrinos, as well as reconversion effects. We then
explore the dynamical feedback that the production of sterile particles induces on the static
SN matter background. Our aim is to explore whether a lepton asymmetry develops as a
consequence of the active-sterile neutrino conversions.
The paper is organized as follows. Section 2 provides a general overview on the reference
SN model adopted in this work. In Sec. 3, we model the sterile neutrino production and
propagation in the stellar core without feedback effects. The generation of a ντ–ν¯τ lepton
number due to the sterile neutrino production and its corresponding feedback on the SN
physics are explored in Sec. 4; the impact that the previously neglected physics has on the
lepton asymmetry growth is also outlined. An outlook on our findings is presented in Sec. 5.
The neutrino interaction rates in the SN core, including Pauli blocking effects, are discussed
in Appendix A. A derivation of the collisional production of sterile neutrinos in the dense SN
core taking into account reconversions effects is presented in Appendix B.
2 Reference neutrino signal from a core-collapse supernova
In order to model the sterile neutrino production and propagation in the SN core, we rely
on the inputs of a one-dimensional hydrodynamical simulation of a SN model with mass of
18.6M and SFHo nuclear equation of state and gravitational mass of 1.4M [35]. Given the
challenges involved in the modeling of the neutrino flavor evolution under extreme conditions,
we select three time snapshots from the 18.6M model (corresponding to post-bounce times:
tpb = 0.05, 0.5, and 1 s), representative of the accretion and the early Kelvin-Helmoltz
cooling SN phases. In the following, we will assume the inputs from these three selected
snapshots as static hydrodynamical backgrounds and explore the dynamical implications of
the production of sterile particles in the SN core. Note that this is obviously an approximation
since an eventual growth of the neutrino lepton asymmetry would affect the SN evolution
itself. However, our work aims at gauging the impact that the sterile neutrino production
has on the SN neutrino transport and dynamics. This SN model has been selected as a
benchmark case; the results presented in Sec. 4 should be qualitatively similar for any SN
model.
Deep in the SN core, the electron (anti-)neutrinos are highly degenerate and neutrinos
are in thermal equilibrium with the SN medium. Therefore, the flavor-dependent (anti-
)neutrino number densities are well described by a Fermi-Dirac distribution as a function of
the neutrino energy E:
dnν
dE
∝ 1
2pi2
E2
e(E−µν)/T + 1
, (2.1)
where µν is the flavor-dependent neutrino chemical potential, such that µνµ,ντ = µν¯µ,ν¯τ = 0,
and T is the temperature of the SN matter. Unless otherwise specified, hereafter we will use
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Figure 1. Top left: Energy distribution of ντ (ν¯τ ) as a function of the neutrino energy for three
selected post-bounce times (tpb = 0.05, 0.5 and 1 s, in yellow, pink and brown respectively) for the
18.6M SN model adopted in this work. For each time snapshot, the ντ distribution is plotted
at 8 (continuous line) and 15 km (dash-dotted) from the stellar core, respectively. Since in the
absence of active–sterile flavor conversions, µντ = µν¯τ = 0, the energy distributions of ντ and ν¯τ
are identical in the absence of neutrino flavor conversions. Top right: Radial profile of the medium
temperature. Bottom left: Baryon density as function of the radius; the dotted vertical lines mark
the ντ neutrinosphere radius for each tpb. Bottom right: Electron fraction (solid lines) and electron
neutrino fraction (dashed lines) as a function of the radius.
~ = c = 1. The neutrino distribution is normalized such that
∫
dEdnν/dE = nν , with nν the
local flavor-dependent neutrino number density.
The top left panel of Fig. 1 shows the energy distribution of ντ (identical to the one
of ν¯τ ) in the SN core for the three selected post-bounce times: tpb = 0.05, 0.5, and 1 s.
For each tpb, the neutrino distribution is plotted at 8 and 15 km, respectively. One can
see that the typical neutrino energies are O(50 − 200) MeV in the SN core. Moreover, for
tpb = 0.05 s, dnν/dE at 15 km is larger than the one at 8 km. However, this does not occur
for tpb = 0.5 and 1 s, due to the proto-neutron star contraction, see top right panel of Fig. 1.
For completeness, the bottom panels of Fig. 1 show the radial profile of the baryon density
on the left, and the electron fraction (Ye) together with the electron neutrino fraction (Yνe)
on the right.
When (anti-)neutrinos decouple, their flavor-dependent energy distribution function de-
viates from a pure Fermi-Dirac distribution and it becomes pinched. It is then better repre-
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sented by the following fit [36, 37]:
dnν
dE
∝
(
E
〈Eν〉
)β
e
−E(1+β)〈Eν〉 , (2.2)
where 〈Eν〉 is the first energy moment, and β is the pinching parameter
β =
〈E2ν〉 − 2〈Eν〉2
〈Eν〉2 − 〈E2ν〉
, (2.3)
depending on the second energy moment 〈E2ν〉. The normalization of Eq. 2.2 is such that∫
dEdnν/dE = nν .
In the following, we use Eq. 2.1 (Eq. 2.2) to model the neutrino distribution before (after)
the decoupling of neutrinos from the SN matter in the absence of flavor conversions. The
decoupling radius has been defined by estimating the neutrino optical depth of τ neutrinos
τν(E, r) =
∫ r
0
σ(E, z′)n(z′)dz′ , (2.4)
and extracting the radius Rν where τν(E, r) ' 1/3. In Eq. 2.4, σ(E, z′) is the cross section
in the neutrino trapping region and n(z′) is the number density of targets (see Appendix A).
Another useful quantity is the neutrino mean free path, defining the average distance
that a neutrino with energy E can travel before interacting with other particles:
λν(E, r) ' 1
n(r)σ(E, r)
. (2.5)
Notably, as shown in Appendix A, among the several processes involving neutrinos in
the SN core, the scattering of neutrinos on nucleons (ν+N → ν+N) is the dominant process
(i.e., it dominates the interaction rate Γν ' 1/λν).
The mean free path of ν¯τ averaged over the energy distribution is plotted as a function
of the radius in Fig. 2 for tpb = 0.05, 0.5 and 1 s. Although the mean-free path is strictly
depending on the neutrino energy, one can see that the average mean free path of active
(anti-)neutrinos is smaller in the SN core. On average, active neutrinos are trapped until
the decoupling region (roughly marked by the neutrinosphere radius in the plot), when λν
becomes large enough to allow neutrinos to stream freely. The minimum of 〈λν〉 around
5–10 km is caused by the temperature maximum at this radius (see Fig. 1).
3 Neutrino flavor conversions in the dense stellar core
In this Section, we focus on the flavor conversions in the τ–s sector. We discuss matter effects
leading to an enhanced production of sterile neutrinos, as well as collisional production of
sterile neutrinos in the stellar core.
3.1 Resonant production of sterile antineutrinos
For the sake of simplicity, we work in a simplified two-flavor basis (ντ , νs). Hence, we assume
there is no mixing of the sterile neutrino eigenstate with the electron and muon neutrino.
We also neglect the mixing of the active neutrinos among themselves. This is, of course,
an approximation, but it should lead to reliable results for what concerns the impact of the
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Figure 2. Energy averaged mean free path of ν¯τ as a function of the radius for tpb = 0.05, 0.5
and 1 s. Neutrinos are coupled to the matter in the SN core, until they reach the decoupling region
roughly marked by the vertical lines indicating the ντ neutrinosphere radius. After decoupling, ντ
(ν¯τ )’s stream freely.
dynamical effects due to the sterile neutrino production on the hydrodynamical quantities.
In fact, flavor conversions among the active states are expected to be suppressed in the region
where active-sterile conversions occur due to the high matter density and frequent collisions
with the SN medium.
The radial flavor evolution of the neutrino field is described by the Liouville equation
for each energy mode E
∂rρE = −i[HE , ρE ] + C(ρE , ρ¯E) and ∂rρE = −i[HE , ρE ] + C(ρE , ρ¯E) , (3.1)
where the bar denotes antineutrinos and ρ is the neutrino density matrix. The density matrix
for each energy mode E, ρE , is a 2 × 2 matrix in the flavor space spanned by (ντ , νs), and
similarly for antineutrinos. The initial conditions for the neutrino field are assumed to be
ρE = diag(nντ , 0) and ρE = diag(nν¯τ , 0), i.e. we work under the assumption that νs are only
generated through mixing with ντ . The Hamiltonian HE in the flavor basis takes the form
HE = Hvac,E +Hm,E =
∆m2s
2E
[
cos 2θ sin 2θ
sin 2θ − cos 2θ
]
+
[
Veff 0
0 −Veff
]
, (3.2)
where Hvac is the vacuum term, function of the active-sterile mixing angle θ and the active-
sterile mass difference ∆m2s. The effective potential Veff takes into account the forward
scattering potential [34]
Veff =
√
2GFnB
[
−1
2
Yn + Yνe + Yνµ + 2Yντ
]
, (3.3)
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Figure 3. Neutrino-matter forward scattering potential (Veff) for ντ–νs mixing as a function of the
radius for tpb = 0.5 s with (dashed, tpb+0.03 s, see Sec. 4 for details) feedback due to flavor conversions
and in the absence of active-sterile flavor conversions (solid) . The colored bands roughly indicate the
region where MSW conversions are collisions are at play in yellow and the region where νs are produced
through collisions in pink (hatched and plain bands are for the cases with and without feedback,
respectively). The width of the band represents the location of the MSW resonances for different
neutrino energies in the range [0, 400] MeV for ∆ms = 10 keV. The collisional production becomes
negligible when neutrinos start to free stream, i.e. in the correspondence of the ντ neutrinosphere
radius (the latter is plotted in Fig. 2).
with GF being the Fermi constant and Yi = (ni−ni¯)/nB, with ni and ni¯ the number densities
of the particle species i and its antiparticle i¯. Since the distributions of νµ and ν¯µ are identical
and we neglect flavor conversions in the active sector, Yνµ = 0 initially; however, Yντ may
become non-zero as sterile neutrinos are generated, as it will be discussed in Sec. 4. Because
of charge neutrality Yp = Ye = 1 − Yn. Note also that the vacuum term for antineutrinos
has opposite sign with respect to the one of neutrinos. The Mikheyev-Smirnov-Wolfenstein
(MSW) resonance occurs at a certain distance rres from the SN core, when the following
condition is satisfied [38–40]:
cos 2θ =
2VeffEres
∆m2s
, (3.4)
making the effective mixing angle in matter maximal.
Figure 3 shows the neutrino-matter forward scattering potential (Veff) as a function of
the distance from the SN core and for the representative snapshot tpb = 0.5 s. In order to
guide the eye, the orange band represents the location of the MSW resonance for neutrinos
with energies up to 400 MeV and for ∆ms = 10 keV. One can immediately gauge that sterile
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Figure 4. Left: Ratio of ∆res/λν(Eres) as a function of the radius for tpb = 0.5 s for different mass-
mixing parameters. When ∆res/λν(Eres) > 1, then sterile neutrinos are produced through collisions.
The peak present in all curves at ∼ 10 km is coming from the 〈λν〉 minimum (see Fig. 2). Right:
Contour plot of ∆res/(λν tan 2θ) in the plane defined by the radius and ∆ms for tpb = 0.5 s. As the
radius increases, ∆res decreases because more energetic neutrinos undergo MSW resonances.
neutrinos are expected to be abundantly produced in the SN core. Moreover, given the sign
of Veff , the MSW resonance conditions are only obtained for ν¯τ and not for ντ .
In the dense SN core, in oder for the MSW resonance to occur, the neutrino mean free
path (λν) has to be sufficiently large to allow for flavor conversions, i.e. λν ≥ ∆res, with
∆res = tan 2θ
∣∣∣∣dVeff/drVeff
∣∣∣∣−1 (3.5)
being the resonance width. Figure 4 shows ∆res/λν(Eres) as a function of the distance from
the SN core for tpb = 0.5 s. One can see that ∆res/λν(Eres) > 1 for certain neutrino mass-
mixing parameters; if this happens, then sterile neutrinos can only be produced through
collisions (see pink band in Fig. 3) as we will describe in Sec. 3.2.
When λν ≥ ∆res, the ντ–νs conversion probability is approximated by the Landau-Zener
formula [41]
Pτs(Eres) = 1− exp
(
−pi
2
2
γ
)
, (3.6)
where γ = ∆res/losc, and with losc = (2piEres)/(∆m
2
s sin 2θ) being the oscillation length at
resonance.
In order to track the radial evolution of the neutrino flavor, we use an adaptive grid made
by multiple shells of width ∆rstep,i for each neutrino energy Ei in the interval [Emin, Emax] =
[0, 1000] MeV. The SN shell size is determined by ∆rstep,i ≡ ri(Ei) − ri−1(Ei−1), where Ei
and Ei−1 are the resonance energies, and ∆Ei = 1 MeV; ∆rstep,i = 0.1 km otherwise 1.
For the active flavors, we assume that neutrinos are trapped for any SN shell within the
neutrinosphere radius, see Fig. 2. In this static scenario (without the dynamical feedback
1Note that we adopt an energy-dependent adaptive grid; the minimum size of ∆rstep has been chosen to
be larger than the average neutrino path between collisions and the resonant width ∆res.
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Figure 5. Sterile (anti-)neutrino energy distribution as a function of the neutrino energy after MSW
conversions (in brown), MSW conversions+collisions (in pink) for ν¯τ and only collisions for ντ (in
green) for tpb = 0.5 s. The mixing parameters are ∆ms = 10 keV (on the left), ∆ms = 20 keV
(in the middle) and ∆ms = 100 keV (on the right), sin
2 2θ = 10−6 (top panels, solid lines) and
sin2 2θ = 10−10 (bottom panels, dashed lines). Additionally, the yellow dash-dotted line shows the ν¯τ
energy distribution. All distributions have been plotted at the neutrinosphere radius (Rν ' 28 km).
Sterile particles are not produced through MSW conversions for sin2 2θ = 10−6 in the right panels
(except for a tail in the high-energy part of the distribution plotted in the bottom panel) because
∆res/λν > 1. The collisional production for neutrinos and antineutrinos scales with the mixing angle
due to the fact that Pτs also scales with the mixing angle. Additionally in the cases where ∆res/λν > 1
the resonance width depends on the mixing angle as well.
that will be implemented in Sec. 4), we assume instantaneous replenishment of the active
sector. Since in this Section we are only focusing on the radial (and not temporal) flavor
evolution, sterile neutrinos are assumed to stream freely from any SN shell because of their
large mean free path. In Sec. 4, where the feedback of the sterile neutrino production on the
matter background will be explored, the propagation time of the sterile states across the SN
shells will be taken into account together with the replenishment of active states.
The resulting energy distribution of sterile antineutrinos produced through MSW reso-
nances at the ντ neutrinosphere radius is then(
dN
dEdt
)
s,MSW
=
N∑
i=1
∆Vi
dnντ
dE
(r′i)Pτs(Eres, r
′
i) ∆r
−1
step,i , (3.7)
where the energy-dependent differential volume of the SN shell is ∆Vi = 4pir
′2
i ∆rstep,i with
r′i being the central radius on which the shell of width ∆rstep,i is centered. The sum across
the SN shells runs from the center of the SN core until the neutrinosphere radius Rν (i.e.,
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[r1, rN ] = [1 km, Rν ]). Note that, since sterile neutrinos do not interact and stream freely as
soon as they are produced, this is the actual number of sterile particles per unit energy and
time at Rν .
Figure 5 shows the energy distribution for τ and sterile neutrinos and antineutrinos at
tpb = 0.5 s after MSW conversions (in brown) for ∆ms = 10 keV (on the left), ∆ms = 20 keV
(in the middle), and ∆ms = 100 keV (on the right), sin
2 2θ = 10−6 (top panels, solid lines)
and sin2 2θ = 10−10 (bottom panels, dashed lines). For comparison, the yellow dash-dotted
line shows the ν¯τ energy distribution in the absence of flavor conversions. All distributions
have been plotted at the neutrinosphere radius (Rν ' 28 km, see Fig. 2). Given the sign
of the effective matter potential, only ν¯s’s are produced through MSW conversions. The
ν¯s energy distributions for ∆ms = 20 keV are affected by MSW conversions only above
12 MeV; in fact, lower energy modes do not undergo MSW resonances. Sterile antineutrinos
are not produced through MSW conversions for ∆ms = 100 keV, except for a small fraction
around 1000 MeV because ∆res/λν > 1, i.e. ν¯τ ’s interact with the matter background before
to convert into sterile states.
The cumulative luminosity converted in sterile antineutrinos via MSW transitions at
the distance r from the SN core is
Ls,MSW =
M∑
j=1
L∑
k=1
∆Ek∆VjEres(r
′
j)
dnντ
dEk
(r′j)Pτs(Eres, r
′
j)∆r
−1
step,j , (3.8)
where [r′j=1, r
′
j=M ] = [1 km, r] and [Ek=1, Ek=L] = [Emin, Emax], ∆Ek = ∆E = 1 MeV.
Figure 6 shows the cumulative luminosity emitted in sterile antineutrinos due to MSW con-
versions (in brown) for the same mass and mixing parameters shown in Fig. 5. As expected
from Fig. 3, MSW flavor conversions mainly occur in the SN core up to 10–20 km according
to the mixing. Notably, in all cases described here ν¯τ ’s undergo only one MSW resonance.
In fact, in the absence of collisions, the probability that ν¯s’s reconvert in ν¯τ ’s is zero. As
we will see in Sec. 3.2, reconversion effects are not negligible in the presence of collisions.
In the ∆ms = 10 keV panel, the cumulative luminosity due to MSW conversions reaches
a stationary value at ' 20 km, i.e. when MSW conversions become irrelevant. A similar
behavior occurs for ∆ms = 20 and 100 keV.
3.2 Collisional production of sterile neutrinos and antineutrinos
Given the high matter density in the SN core, active (anti-)neutrinos are trapped because
of collisions, see e.g. [42]. In the trapping regime, the neutrino propagation eigenstate is a
mixture of active and sterile states; due to scattering on nucleons, the propagation eigenstate
collapses to a pure flavor eigenstate. Sterile states can therefore be produced through colli-
sions. After that, the sterile states may be reconverted back to τ (anti-)neutrinos through
MSW conversions.
The effective conversion probability including the effect of collisions is
〈Pτs(E, r)〉 ≈ 1
4
sin2 2θ
(cos 2θ − 2VeffE/∆m2s)2 + sin 2θ2 +D2
, (3.9)
where D is the quantum damping term,
D =
EΓν(E)
∆m2s
; (3.10)
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Figure 6. Cumulative luminosity of sterile neutrinos and antineutrinos as a function of the SN radius
after MSW conversions (in brown), MSW conversions+collisions (in pink) for antineutrinos and only
collisions for neutrinos (in green) for tpb = 0.5 s and mixing parameters ∆ms = 10 keV (on the
left), ∆ms = 20 keV (in the middle), ∆ms = 100 keV (on the right), and for sin
2 2θ = 10−6 (solid
lines) and sin2 2θ = 10−10 (dashed lines). Most of the production of sterile particles occurs within
10–20 km for all the mass and mixings considered here. The collisional production of sterile particles
has a non-negligible impact as ∆ms increases. See Fig. 5 for comparison.
the collision rate for ντ undergoing neutral current (NC) scatterings is defined as detailed in
Appendix A:
Γν(E) = nB [Fp(E)Yeσνp(E) + Fn(E)(1− Ye)σνn(E)] , (3.11)
where Fp,n(E) represents the Pauli blocking factor estimated as in Appendix A. Note that,
except for the correction due to collisions, Eq. 3.9 is defined through the effective conversion
probability of neutrinos in matter. The factor 1/4 in Eq. 3.9 takes into account a factor 1/2
to average the overall probability due to flavor oscillations, and another factor 1/2 coming
from taking into account the detailed balance equilibrium conditions in the SN core [42];
note that since we include the detailed balance correction factor in 〈Pτs(E, r)〉 instead than
in Eq. 3.11, Eq. 3.9 is slightly different than what has been reported in the literature, see
e.g. [43]. Equation 3.9 is such that when the damping term is large, no flavor conversion
occurs and the system will be frozen in its initial state.
Figure 2 indicates that two scenarios are possible for active neutrinos: Either they
steam freely out of the SN shell or they are trapped and undergo collisions with the dense
SN matter. In the latter case, if λν  ∆rstep, neutrinos undergo multiple collisions within
each SN shell of width ∆rstep. The same situation can in fact happen for sterile neutrinos.
Once produced, according to their mean free path, sterile neutrinos can either free
stream or collide and reconvert back to active states, especially in the SN shells where favor-
able conditions for MSW resonances exist; unlike sterile neutrinos produced through MSW
effects in the absence of collisions (see previous Section). To model this effect, we divide each
SN shell of width ∆rstep into sub-shells of width λν . The number of sub-shells within ∆rstep
is
n =
[
∆rstep
λν
]
. (3.12)
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This allows to take into account the reconversion of (anti-)νs to (anti-)ντ within the sub-shells.
The effective conversion probability has been derived in Appendix B and it is
Pτs(E,n) =
1
n
n∑
k=1
〈Pτs〉(1− sin2 2θ˜〈Pτs〉)k−1 , (3.13)
with θ˜ being the effective mixing angle in matter, under the assumption that the matter
potential is constant within each SN shell (see Appendix B for details). Equation 3.13
indicates that the effective conversion probability is smaller as n increases; moreover, for
n = 1, one recovers the case Pτs(E, 1) = 〈Pτs〉 for λν ' ∆rstep. Equation 3.13 includes the
reconversion of sterile into active states due to multiple collisions through 〈Pτs〉.
The corresponding energy distribution of sterile (anti-)neutrinos produced through col-
lisions until the ντ neutrinosphere radius is(
dN
dEdt
)
s,coll
=
N∑
i=1
∆Vi
dnντ
dE
(r′i)nPτs(E,n, r
′
i)∆r
−1
step,i . (3.14)
Figure 5 shows the sterile neutrino energy distributions for the cases where MSW resonant
conversions as well as collisions are taken into account for antineutrinos (in pink) and for
neutrinos (collisions only, in green) for tpb = 0.5 s. While the MSW conversions only affect the
ν¯s energy distribution as discussed in Sec. 3.1, the collisional production occurs for neutrinos
and antineutrinos. As we will discuss in Sec. 4, this implies that the development of a neutrino
lepton asymmetry is only possible in the presence of MSW resonances or MSW enhanced
collisions. The pink line in Fig. 5 for 10 keV and sin2 2θ = 10−10 (left, bottom panel) lies very
close to the green one for energies > 250 MeV, i.e. the energy distribution is dominated by
the collisional contribution at those high energies. In fact, antineutrinos produced through
collisions before the MSW layer reconvert back to ν¯τ for fully adiabatic MSW resonances;
however, this may not be the case according to the adiabaticity of MSW conversions and
frequency of collisions (see ∆res/λν(Eres) in Fig. 4). As the neutrino energy increases, the
MSW conversions stop being fully adiabatic for sin2 2θ = 10−10; hence, not all ν¯s’s produced
before the MSW layer reconvert to active ones. In the fully adiabatic case (sin2 2θ = 10−6,
top left panel), the pink line lies slightly below the green one because of reconversions.
The collisional production dominates the high energy tail of the energy distribution also for
∆ms = 20 keV. On the other hand, at all energies, antineutrinos produced through collisions
are more abundant than the ones produced through MSW conversions for ∆ms = 100 keV.
Similarly to Eq. 3.8, the cumulative luminosity emitted in sterile (anti-)neutrinos through
collisional production is
Ls,coll =
M∑
j=1
L∑
k=1
∆Vj∆Ek
dnντ
dEk
(r′j) Ek ∆r
−1
step,j nPτs(Ek, n, r
′
j) , (3.15)
where the numerical inputs adopted for ∆E, ∆rstep, and the integrations over radius and en-
ergy are the same as defined in Sec. 3. Due to the reconversion effects, the overall production
of sterile particles may be suppressed according to the mixing parameters.
Figure 6 shows the cumulative luminosity emitted in sterile particles, due to MSW
conversions+collisions for antineutrinos (in pink) and only due to collisions for neutrinos (in
green), as a function of the radius for the same mass and mixing parameters shown in Fig. 5.
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In the left panel, the MSW only case (brown curve) leads to Lν¯s that is identical to the
case of MSW conversions+collisions (pink curve); in fact, reconversions are only relevant for
very high energies and have a negligible impact on the overall luminosity. As also visible from
Fig. 3, collisions are important in the SN core where neutrinos are trapped and negligibly
affect the sterile neutrino luminosity at radii larger than 10 km for all mass and mixing
parameters shown here. In the ∆ms = 10 keV panel, the pink line shows a bump at
' 10 km, i.e. in correspondence of the radius where collisions stop being dominant and the
medium temperature reaches its maximum. The collisional production of sterile particles
has a non-negligible impact as ∆ms increases, see e.g. the ∆ms = 100 keV panel on the
right where the particle production is dominated by collisions. In the ∆ms = 20 keV
panel for sin2 2θ = 10−6, one can see that the pink line is considerably above the green and
the brown ones for sin2 2θ = 10−6 because the resonant layer is collisionally enhanced (i.e.,
∆rres/λν > 1, see Fig. 4). In the right panel, one can see that the collisional production is
the main mechanism producing sterile particles for sin2 2θ = 10−6.
4 Development of the neutrino lepton asymmetry and feedback effects
In this Section, we explore the dynamical feedback that the production of sterile particles
induces on the growth of Yντ and, in turn, on the flavor conversion physics. For the sake of
simplicity, we rely on a static hydrodynamical background for the three selected snapshots of
the 18.6 M model, and investigate the radial and temporal evolution of the neutrino lepton
asymmetry and its corresponding impact on the matter potential Veff . We also explore the
magnitude of the stationary ντ lepton asymmetry for the three SN backgrounds and various
mass-mixing parameters.
4.1 Radial and temporal evolution of the neutrino lepton asymmetry
Sterile neutrinos and antineutrinos are produced at the expense of τ neutrinos and antineu-
trinos. As discussed in Sec. 3, MSW (collisionally enhanced) transitions affect neutrinos and
antineutrinos differently, leading to the development of Yντ 6= 0. One can see from Eq. 3.3,
and by comparing the continue and the dashed lines of Fig. 3, that any variation of Yντ can
substantially affect Veff . In turn, the modified Veff has an impact on the flavor conversion
evolution.
To investigate the dynamical feedback due to the growth of Yντ on Veff , we rely on
the static hydrodynamical inputs of the three time snapshots of the 18.6 M SN model:
tpb = 0.05, 0.5 and 1 s; for each time snapshot, we track the flavor evolution in r as described
in Sec. 3 simultaneously with the radial evolution of Yντ . The Veff obtained by Yντ 6= 0 is
then adopted as input for the next temporal step. This allows to explore how Yντ evolves in
time t. Hence, although we rely on static hydrodynamical inputs for the sake of simplicity,
we explore the dynamical feedback of the production of sterile particles self-consistently, by
following the time and radial evolution of the relevant quantities.
For fixed tpb and r, we compute the evolution of Yντ after a time interval ∆t by tracking
the flavor evolution as described in Sec. 3 and by solving the following equation simultaneously
Yντ (r, tpb + ∆t) =
1
nB(r)
P∑
l=1
L∑
k=1
[
P¯τs(Ek, t
′
l)
dnν¯τ
dEk
(t′l,∆rstep)− Pτs(Ek, t′l)
dnντ
dEk
(t′l,∆rstep)
]
×∆Ek∆r−1step ∆t′l ,
(4.1)
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where [tl=1, tl=P ] = [tpb, tpb + ∆t], [Ek=1, Ek=L] = [Emin, Emax], P¯τs is the antineutrino con-
version probability (Eqs. 3.6, 3.13) and Pτs is the neutrino conversion probability (Eq. 3.13);
dnντ /dE(t
′,∆rstep) is the local density of particles in ∆rstep, per unit energy. The radial
step assumed in this calculation including the dynamical feedback is ∆rstep ' 0.1 km; if
∆res ≥ 0.1 km for certain energies, then we assume ∆rstep = ∆res. The energy step is
∆E = Eres(ri + ∆rstep) − Eres(ri) for the MSW conversions and the MSW enhanced colli-
sional production; instead for collisions outside the resonance, ∆E = 2 MeV.
The time step adopted in the numerical runs is ∆t′ = 10−7 s. Sterile neutrinos produced
in the trapping regime (r < Rν) take t
′
? = Rν/c ' 10−4 s  ∆t′ to escape from the neutri-
nosphere. Hence, for the sake of simplicity, we let all sterile particles to stream freely from
the neutrinosphere every t′? (while keep them trapped in the production SN shell for smaller
times), including the reconversion effects. In order to take into account the replenishment of
τ (anti-)neutrinos through Bremsstrahlung (see Appendix A for details), we limit the sterile
neutrino production rate by the Bremsstrahlung one if the production rate of sterile particles
is larger than ΓNN→NNντ ν¯τ .
4.2 Dynamical feedback due to the production of sterile particles
In the following, we investigate the role of the dynamical feedback on Yντ and on the sterile
production, by focusing on the benchmark time snapshot tpb = 0.5 s for (∆ms, sin
2 2θ) =
(10 keV, 10−10). We will generalize our findings to the three considered tpb and other
(∆ms, sin
2 2θ) in Sec. 4.3.
The left panel of Fig. 7 shows a comparison between the Yντ obtained without any
dynamical feedback effect due to the sterile neutrino production (dashed line), as described
in Sec. 3, and the one obtained by tracking the radial and temporal evolution of Yντ as from
Eq. 4.1 (continuous line). Note that Yντ has been divided by 100 in the former case. The
continuous lines with different hues mark the temporal evolution (from lighter to darker as
time increases) within ∆t = 0.03 s. It shows that Yντ quickly reaches stationary values after
∼ 0.01 s in the region between 10–20 km, and a plateau of Yντ ' 0.21 develops. The plateau
continues to extend to smaller radii as time progresses. We consider ∆t = 0.03 s, since
after such a time interval, Yντ has reached its stationary radial profile. As t
′ increases, the
Yντ plateau extends towards the inner core of the SN. In fact, as t
′ increases, high-energy
modes undergo MSW resonances (as we will discuss, this is also visible in the right panel of
Fig. 8). The sharp growth of Yντ at small radii is due to the fact that Yντ evolves towards
its stationary profile because of MSW (collisionally enhanced) conversions, but only energy
modes higher than a certain energy undergo resonances. Moreover, the production of sterile
particles becomes slower because of Pauli blocking effects (see middle panel of Fig. 13).
Importantly, Yντ is largely overestimated when the dynamical feedback effects are not taken
into account.
At the same time, Veff (see Eq. 3.3) follows the Yντ evolution, hence the radial evolution
of Veff is strongly affected, as shown in the right panel of Fig. 7. The stationary value of Yντ
is reached when Veff → 0 and no more conversions into sterile states occur, i.e. Yντ does not
change further. To verify this, we have analytically computed the stationary Yντ value (Y
stat
ντ )
at each radius by equating Veff (Eq. 3.3) to (∆m
2
s cos 2θ)/2Emax. The dash-dotted purple
curve in Fig. 7 shows the Y statντ as a function of the radius obtained for Emax = 1000 MeV. It
clearly illustrates that, in the SN core, the sterile neutrino productions leads to the evolution
of Yντ towards a stationary value. We note that for the inner part (r . 6 km) and the
outer part (r & 20 km), it takes longer than ∼ 0.03 s for Yντ to reach Y statντ , due to the
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Figure 7. Left: Radial profile of Yντ for tpb = 0.5 s, (∆ms, sin
2 2θ) = (10 keV, 10−10); the dashed
line is for the case without feedback (∆t = 0) and continuous line for the case with feedback due to
the production of sterile particles (∆t = 0.03 s). The continuous lines with different hues mark the
temporal evolution (from lighter to darker as time increases). The dash-dotted purple curve shows
the Y statντ for Emax = 1000 MeV estimated analytically (see text for details). Right: Corresponding
radial profile of Veff for the case with feedback. The dynamical feedback due flavor conversions in
sterile states considerably affects Yντ and Veff .
slower production rate of sterile neutrinos. As one can see from this example, the dynamical
feedback of flavor conversions considerably modifies Yντ and Veff . As shown in Fig. 3, because
of the evolution of Veff in time, neutrinos interact with a different effective matter background,
and the radial regions where MSW resonances occur evolve accordingly.
Due to the Yντ temporal evolution, the sterile (anti-)neutrino production is in turn
affected. Figure 8 shows contour plots of the number density of ν¯s’s (on the top) and νs’s (on
the bottom) in the plane defined by the radius and the neutrino energy for ∆t = 0 on the left
and ∆t = 0.03 s on the right. The left panels represent the sterile number densities obtained
by neglecting the dynamical feedback effects due to the production of Yντ 6= 0 on Veff , as
described in Sec. 3. The impact of the dynamical feedback on the sterile number density is
shown in the panel on the right. One can see that a light green line visible at the center of the
contour plot for ν¯s’s; this is due to the resonant production of sterile antiparticles. Moreover,
the dynamical modification of Veff due to the production of sterile particles drastically affects
the local density of sterile antineutrinos since the temporal evolution of Veff triggers the MSW
(collisionally enhanced) production of ν¯s’s with higher energies (see also Fig. 7).
As discussed for Figs. 3 and 7, the temporal evolution of Veff affects the radial range
where MSW resonances occur. This is also visible in Fig. 9 where the cumulative luminosities
of νs and ν¯s have been plotted for the feedback case with ∆t = 0.03 s and for the case
without feedback (see also left panel of Fig. 6). The overall production of νs’s is lower than
the one of ν¯s’s similarly to the case without feedback because MSW effects only take place for
antineutrinos. However, given the change in shape of Veff (see right panel of Fig. 7) because
of the dynamical feedback, flavor conversions occur deeper inside in the SN core as time
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Figure 8. Contour plots of the number density of ν¯s’s (top panels) and νs’s (bottom panels) per
unit energy in the plane spanned by the distance from the SN core and the neutrino energy for
(∆ms, sin
2 2θ) = (10 keV, 10−10), tpb = 0.5 s. Left: Without any dynamical feedback effect due to
the production of sterile particles (∆t = 0), see Sec. 3. Right: With dynamical feedback effect due
to the production of sterile particles (∆t = 0.03 s). The dynamical modification of Veff due to the
production of sterile particles drastically affects the local density of sterile (anti-)neutrinos. The light
green line in the plots on the top panels marks the location of the MSW resonances.
progresses.
Figure 10 shows the temporal evolution of the production rate of sterile (anti-)neutrinos,
dNνs/dt and dNν¯s/dt, at Rν = 28 km. One can see that, the self-consistent implementation
of the dynamical feedback effects leads to a quenching of d(Nνs + Nν¯s)/dt after a certain
time, while d(Nνs +Nν¯s)/dt would be constant if the dynamical feedback were not taken into
account. As we will discuss later, this may have important implications in the derivation of
the sterile mass-mixing bounds.
4.3 Impact of the production of sterile particles on the lepton asymmetry
To gauge the overall impact of the radial and temporal growth of Yντ under various hy-
drodynamical conditions, we estimate the maximum value reached by Yντ (r), Y
max
ντ , for the
three benchmark time snapshots of the 18.6 M model. In order to do this, we compute
dYντ /dt(∆t = 0) and the stationary Y
stat
ντ at different radii. The required time scale for Yντ
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Figure 9. Cumulative luminosity of sterile neutrinos and antineutrinos as a function of the SN
radius for tpb = 0.5 s and mixing parameters ∆ms = 10 keV and sin
2 2θ = 10−10 with dynamical
feedback effect due to the production of sterile particles (dashed, ∆t = 0.03 s) and without feedback
(continuous, ∆t = 0). The radial region where sterile particles are produces is affected by the feedback
effects. Most of the production of sterile particles occurs within 10–20 km for all the mass and mixings
considered here. The corresponding cumulative luminosity for the case without feedback is also shown
in the left panel of Fig. 6.
to reach Y statντ at each radius is
∆τ(r) =
Y statντ
[dYντ /dt(∆t = 0)]
. (4.2)
We then compute the maximum value of Yντ within ∆t as follows:
Y maxντ =
{
Y stat,maxντ if ∆τmin ≤ ∆t ,
Y stat,maxντ × ∆t∆τmin if ∆τmin > ∆t ,
(4.3)
where ∆τmin is the minimum ∆t required by Yντ to reach a stationary value, and Y
stat,max
ντ
is the maximum of Y statντ .
Figure 11 shows contour plots of the absolute maximum (as a function of r) of Yντ
in the (∆ms, sin
2 2θ) plane for ∆t = 1 s and for tpb = 0.05, 0.5 and 1 s from left to right
respectively. In order to guide the eye, the continuous lines are the isocontours of Yντ = 0.01
(black, dashed) and Yντ = 0.1 (black, solid), and Yντ = 0.2 (white, dot-dashed).
We adopt ∆t = 1 s, which is the typical cooling timescale for the SN core, for all three
tpb. This is an approximation since ∆t > 1 s may be needed for Yντ to reach its stationary
configuration depending on (∆ms, sin
2 2θ, tpb), but we see that a large range of the parameter
space has Y maxντ = Y
stat
ντ ' 0.2 within 1 s. We also show the timescale ∆τ corresponding to
– 16 –
10−5 10−4 10−3 10−2
∆t [s]
1046
1047
1048
1049
1050
1051
1052
d
N
ν
/d
t
[s
−1
]
MSW+Coll. ν¯s
Coll. νs × 104
tpb = 0.5, ∆ms = 10 keV, sin
2 2θ = 10−10
Figure 10. Time evolution of the total production rate of particles per unit time, dNνs/dt (dashed,
green line) and dNν¯s/dt (continuous, red line), produced up to the neutrinosphere radius (Rν = 28 km)
as a function of time for tpb = 0.5 s, (∆ms, sin
2 2θ) = (10 keV, 10−10). As result of the dynamical
feedback due to the production of sterile particles, the overall number of sterile (anti-)neutrinos is
quenched after a certain ∆t.
Y maxντ in the bottom panel of Fig. 11. This figure clearly shows that, again, a significant
portion of the parameter space has ∆τ . 1 s. We note that although the contour shape is
in qualitative agreement with Fig. 3 of Ref. [34], the values differ by orders of magnitude.
In agreement with Fig. 3 of Ref. [34], we find that very small mixing angles require large ∆t
to approach the stationary solution. One can also see that smaller ∆t are needed to achieve
the stationary Yντ in a large region of the (∆ms, sin
2 2θ) parameter space as tpb increases
and larger values of Yντ are obtained. This is due to the fact that Ye (and therefore Veff) is
smaller in the SN core as tpb, allowing a wider range of energies to undergo MSW resonances.
4.4 Discussion
The alteration of the neutrino lepton number due to the production of keV-mass sterile
neutrinos was first discussed in Refs. [30, 31, 34] in the context of a one-zone model (although
Ref. [31] investigated the e–s mixing instead of the τ–s one). Also Ref. [32] studies the role of
τ–s mixing, but without considering the feedback effects on the hydrodynamical quantities.
Reference [34] adopted a one-zone model with homogeneous and isotropic core, and with
constant temperature and baryon density. Their Fig. 3 estimates the time required by the
system to converge towards a stationary Yντ ; despite our modeling is more sophisticated, the
bottom panel of our Fig. 11 is in qualitative agreement with Fig. 3 of [34]; we find that Y statντ
is reached within a much smaller ∆t.
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Figure 11. Top: Contour plots of the maximum of the radial profile of the stationary Yντ as a
function of the mixing parameters (∆ms, sin
2 2θ) for tpb = 0.05, 0.5 and 1 s (on the left, middle and
right, respectively) obtained by including feedback effects within ∆t = 1 s. The black lines indicate
Yντ > 0.01 (dashed) and Yντ > 0.1 (solid); the white dash-dotted line marks Yντ > 0.2. Bottom:
Contour plots of the time ∆t required to reach the stationary Yντ (see text for details).
Reference [33] attempts to couple the active-sterile neutrino flavor conversion physics
to the hydrodynamical simulation by assuming adiabatic flavor conversions. In Ref. [33],
it is concluded that the mixing with ντ ’s does not significantly alter the explosion physics
and has no observable effect on the neutrino luminosities at early times. This is at odds
with our results that include a detailed modeling of the neutrino microphysics, see bottom
panel of Fig. 11. Most importantly, as shown in Figs. 5, 6 and 9, the adiabaticity of the
flavor conversions strongly depends on the mixing parameters, and the collisionally enhanced
production of sterile particles is non-negligible.
As highlighted in Fig. 10 (see also the left panel of Fig. 7), tracking the evolution of Yντ
in time and radius self-consistently is important in order to derive robust constraints on the
allowed (∆ms, sin
2 2θ) parameter space. Although we only investigate the sterile neutrino
production on a static SN background, our results hint towards more robust bounds in the
mass-mixing parameter space of sterile neutrinos with respect to the ones currently reported
in the literature, if a self-consistent modeling of the sterile neutrino physics is included.
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5 Outlook
Sterile neutrinos with keV mass have the potential to dramatically affect the supernova
physics generating a large neutrino lepton asymmetry. This work constitutes a step for-
ward towards a self-consistent, radial and time-dependent modeling of the keV-mass sterile
neutrino production and propagation in the supernova core.
We refrain from constraining the region of the ∆ms–sin
2 2θ parameter space that is
allowed from core-collapse supernovae (e.g., SN1987a), since robust bounds can only be placed
through a self-consistent treatment that includes the dynamical feedback effect of flavor
conversions in hydrodynamical simulations. However, we develop the first self-consistent
treatment of active–sterile flavor conversions, by employing stationary but radially evolving
profiles for the hydrodynamical quantities of interest. We model the neutrino flavor evolution
in the presence of collisions in the SN core by assuming spherical symmetry and explore the
development of the ντ–ν¯τ lepton asymmetry in radius and time as a function of (∆ms, sin
2 2θ).
Given the complications induced by the modeling of active–sterile conversions at nuclear
densities, we work in a two flavor framework and only consider the mixing in the (ντ , νs)
sector.
The production of sterile particles with O(1− 100) keV mass, through the ν¯τ–ν¯s MSW
resonant conversions and resonantly enhanced collisions, leads to the development of a ντ–
ν¯τ lepton asymmetry. The dynamical feedback induced on the effective matter background
experienced by neutrinos is strongly affected by the production of sterile particles and is re-
sponsible for the growth in time of the ντ–ν¯τ asymmetry. The growth of the ντ–ν¯τ asymmetry
proceeds until no more favorable conditions for active–sterile flavor conversions (eventually
enhanced by collisions) occur, and Yντ reaches a stationary radial profile.
A scan of the mass and mixing parameter space for sterile neutrinos highlights that the
potential feedback of the sterile neutrino mixing on the ντ lepton asymmetry can be larger
than 0.2. This is largely overestimated when the feedback effects are not included and would
drastically affect the supernova bounds on the mass-mixing of sterile neutrinos.
The generation of a large ντ asymmetry in the supernova core may have relevant im-
plications for the post-bounce evolution of the proto-neutron star. For example, the average
temperature of the active neutrinos in the accretion and early cooling phase may be higher
due to the faster cooling of the proto-neutron star and, in turn, this may affect the neutrino
heating within a self-consistent time-dependent hydrodynamical framework. Likewise, the
nucleosynthesis conditions in the neutrino-driven wind may be affected. Note that similar
conclusions would also hold in the case of νµ–νs mixing, and this may also affect the explosion
mechanism subtantially [44].
Another observational consequence connected to the generation of sterile neutrinos with
keV-mass is that the energy distributions of the active neutrinos detected on Earth will be
modified. In particular, we neglect the mixing of active neutrinos of different flavors among
themselves, but the production of sterile neutrinos from the τ channel will of course indirectly
affect the the other active sectors.
In conclusions, sterile neutrinos with keV mass can have a major impact on the super-
nova physics. Our work highlights the important implications of a self-consistent modeling
of the related microphysics in order to explore the consequences of non-standard physics
occurring in the core of a massive star. Only through a self-consistent modeling of the pro-
duction of sterile particles, one would be able to extrapolate robust constraints on the mass
and mixing parameters of these sterile and weakly-interacting particles.
– 19 –
Acknowledgments
We are grateful to Chris Pethick and Georg Raffelt for insightful discussions. We are also
grateful to Robert Bollig and Thomas Janka for granting access to the data of the super-
nova model adopted in this work. IT acknowledges support from the Villum Foundation
(Project No. 13164), the Knud Højgaard Foundation, and the Deutsche Forschungsgemein-
schaft through Sonderforschungbereich SFB 1258 “Neutrinos and Dark Matter in Astro- and
Particle Physics” (NDM). MRW acknowledges support from the Ministry of Science and
Technology, Taiwan under Grant No. 107-2119-M-001-038 and No. 108-2112-M-001 -010.
A Neutrino interaction rates
Neutrinos interact within the dense SN core. For a given interaction, not all the phase space
of the outgoing particles may be available due to Pauli blocking effects. In this Appendix,
in order to single out the main neutrino interaction rates contributing to the total rate Γν
(see Eq. 3.11), we estimate the reaction rates involving ντ ’s and ν¯τ ’s for our three selected
post-bounce times (tpb = 0.05, 0.5 and 1 s) in the absence of flavor conversions. We will also
provide an assessment of the Pauli blocking effects of nucleons. An average over the neutrino
energy distribution will be considered in order to have an overall picture of the most relevant
processes.
The main reactions occurring in the SN core should involve the scattering of neutrinos
on nucleons (i.e., p+ ντ → p+ ντ and n+ ντ → n+ ντ ):
Γ(p+ ντ → p+ ντ ) = Ye nB
∫
dEσνp(E)dnντ /dE
nντ
, (A.1)
Γ(n+ ντ → n+ ντ ) = (1− Ye) nB
∫
dEσνn(E)dnντ /dE
nντ
, (A.2)
where the cross sections, σνn and σνp, are defined as from Ref. [45], dnν/dE is the neutrino
energy distribution introduced in Sec. 2, Ye is the electron fraction, nB the local baryon
density, and T the medium temperature.
The other interaction rates are derived following Ref. [46], which estimated the contri-
butions to Γν by thermally averaging the energy-dependent interaction rate on the neutrino
Fermi-Dirac distribution, closely. The neutral current (NC) scattering of neutrinos among
themselves is governed by the following rates
Γ(ντ ν¯τ → νeν¯e) = 4
pi3
G2FT
5 , (A.3)
and
Γ(ντνe → ντνe, ντ ν¯e → ντ ν¯e) = 4Γ(νxν¯τ → νeν¯e) = 16
pi3
G2FT
5 . (A.4)
The ν–ν scattering leading to e+–e− pair production has instead an interaction rate
defined as
Γ(ντ ν¯τ → e+e−) = Γ(ντ ν¯τ → νeν¯e)
(
C2V,e + C
2
A,e
)
η4ee
−ηe/12 , (A.5)
where ηe = µe/T is the degeneracy parameter and CV,e(CA,e) = 1/2(−1/2 + 2 sin2 θW ) is
the vector (axial) coupling constant with sin2 θW = 0.23. The related interaction rate for
ντe
− → ντe− is
Γ(ντe
− → ντe−) = Γ(ντ ν¯τ → νeν¯e)
(
C2V,e + C
2
A,e
)
3η2e . (A.6)
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Figure 12. Neutrino interaction rates averaged on the neutrino energy distribution as a function
of the distance from the SN core for tpb = 0.05, 0.5 and 1 s (from left to right, respectively). The
dominant interaction channels are the NC ν–N scatterings for all post-bounce times. The dips present
below ∼ 10 km, in the ντ ν¯τnn→ nn lines come from µn crossing zero.
The thermally averaged rate for the Bremsstrahlung processes ντ ν¯τNN → NN is:
Γ(ντ ν¯τnn→ nn) = 3C
2
AG
2
F
pi
(1− Ye)nBT 2 Γσ/T
20pi
ξ , (A.7)
and
Γ(ντ ν¯τpp→ pp) = 3C
2
AG
2
F
pi
YenBT
2 Γσ/T
20pi
ξ . (A.8)
In the two Bremsstrahlung rates introduced above, ξ is the dimensionless mean free path and
it has been assumed to be 1 for simplicity [46]. The spin fluctuation rate (Γσ) is given by
Γσ =
8
√
2piα2pi
3pi2
η
3/2
∗
T 2
mN
, (A.9)
where η∗ = p2F /(2mNT ) is the degeneracy parameter for the nucleons, pF =
√
2mNµN the
Fermi momentum of nucleons with mN their mass, and αpi = (f2mN/mpi)
2 /4pi ≈ 15 with
f ≈ 1.
Figure 12 shows the neutrino interaction rates introduced above averaged over the neu-
trino energy distribution as a function of the distance from the SN core. The different panels
correspond to tpb = 0.05, 0.5 and 1 s from left to right, respectively. The various reaction
rates have been plotted with different colors as indicated in the legend. The NC scatterings
of neutrinos on nucleons, p+ ντ → p+ ντ and n+ ντ → n+ ντ , provide the main contribu-
tion to the total neutrino reaction rate Γν followed by the ν scattering on electrons. Notably
since the ν–e scattering should mainly contribute in the proximity of the neutrino decoupling
radius (i.e., when neutrinos are free-streaming) and all others rates are sub-leading, we only
include the energy-dependent reaction rates N + ντ → N + ντ in the estimation of the the
sterile neutrino collisional production. Moreover, we assume that the scattering on nucleons
is elastic up to Emax = 1000 MeV. In fact, as discussed in Sec. 4, the contribution to the
sterile production coming from collisions for neutrino energies above 400–500 MeV is only
relevant for very high masses of sterile neutrinos (above 100 keV).
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Figure 13. Pauli blocking factor of nucleons averaged over the neutrino energy distribution for the
NC scattering of ντ and ν¯τ as a function of the distance from the SN core for tpb = 0.05, 0.5 and 1 s
(from left to right, respectively). The Pauli blocking effects are larger for ν–n interactions. The Pauli
blocking becomes negligible in the proximity of the neutrino decoupling region.
In the dense SN core, for a given reaction, not all final states are allowed because of Pauli
blocking effects [47, 48]. In fact, the Pauli blocking forbids the scattering of fermions into
occupied states, leading to a suppression of the neutrino interaction rate. In the following, for
the sake of simplicity, we assume that the distribution function of nucleons does not change
as a result of the scattering of nucleons on neutrinos (i.e., Eν  mN ). This assumption
leads to a simplified estimation of the Pauli blocking factor of nucleons that suits well our
purposes. In the derivation of the Pauli blocking effects, we closely follow Refs. [47, 49] and
focus on the main reaction N + ντ → N + ντ :
Fν,N (E) = (1− f(E))
∫ ∞
0
2
2pi2nN
dpN p
2
N f(EN ) [1− f(EN )] , (A.10)
where EN =
√
p2N +m
2
N + U? is the nucleon energy, with pN the nucleon momentum, mN
the effective nucleon mass, U? the nucleon mean field potential, and f(Ei) is the Fermi-Dirac
energy distribution.
Figure 13 shows the radial dependence of Fν,N (E) averaged over the neutrino energy
distribution for tpb = 0.05, 0.5 and 1 s from left to right, respectively. Notably the Pauli
blocking effect is slightly larger for the ν–n channel. Moreover, 〈Fν,N (E)〉 → 1 as neutrinos
approach the decoupling radius, as expected.
The Pauli blocking factor Fν,N (E) modifies the total collision rate of neutrinos and
antineutrinos 2. The overall interaction rate is then defined as:
Γντ (E) = Fν,p(E)σν,p(E)Yp + Fν,n(E)σν,n(E)Yn , (A.11)
with Yp = Ye (Yn = 1− Yp) the proton (neutron) fraction.
2Notably, the collision rate will be modified in a different way for neutrinos and antineutrinos, if they have
a non-zero chemical potential as νe and ν¯e. In fact, the Fermi-Dirac distribution depends on the neutrino
chemical potential, and µν = −µν¯ .
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B Neutrino conversions in the trapping regime
In the SN core, neutrinos are trapped and sterile particles can be produced because of colli-
sions, as illustrated in Sec. 3.2. Within each SN shell of width ∆rstep, neutrinos may undergo
multiple collisions if λν  ∆rstep as illustrated in Fig. 14. As a consequence, we estimate the
overall production of sterile neutrinos through each SN shell by adopting a recursive method.
For the sake of simplicity, we assume that the number density of neutrinos is constant
through the each SN shell of width ∆rstep. This is a reasonable assumption given that
∆rstep ' O(10−2 − 10−1) km. We can then sub-divide ∆rstep in multiple sub-shells each of
width λν  ∆rstep as shown in Fig. 14.
If no sterile neutrinos are present in the first sub-shell, then the number density of sterile
particles produced in the first sub-shell of width λν for a fixed energy E is
n(1)νs = n
(0)
ντ 〈Pτs〉 , (B.1)
with 〈Pτs〉 defined as in Eq. 3.9 and n0ντ denoting the density of ντ at the beginning of the
first SN sub-shell.
Similarly, in the second sub-shell of width λν , the number density of sterile particles is
n(2)s = n
(1)
ντ 〈Pτs〉+ n(1)νs (1− sin2 2θ˜〈Pτs〉) , (B.2)
where θ˜ is the mixing angle in matter assuming a constant matter potential within λν , and
it is defined as sin2 2θ˜ = 4〈Pτs(E, r)〉. The term (1− sin2 2θ˜〈Pτs〉) accounts for a possibility
of reconversion of sterile neutrinos in active ones; n
(1)
ντ ≈ n(0)ντ due to the assumption that the
active neutrinos are trapped and their number density within one SN shell is constant. At
the end of the SN shell of width ∆rstep, the number density of sterile particles is
n(n)νs =
k=n∑
k=1
n(0)ντ 〈Pτs〉(1− sin2 2θ˜〈Pτs〉)k−1 . (B.3)
The overall conversion factor within a SN shell of width ∆rstep is then
Pτs(n) =
k=n∑
k=1
〈Pτs〉(1− sin2 2θ˜〈Pτs〉)k−1 . (B.4)
Δrstep
λν
losc
ri ri+1
Figure 14. Diagram representing a comparison among ∆rstep, λν , and losc within one SN shell.
Multiple collisions occur within one SN shell. Notice that the diagram is not in scale. For example,
deep inside the SN core for r ∼ 5 km, (∆ms, sin2 2θ) = (10 keV, 10−6), and neutrino energy E =
100 MeV, we have losc ∼ 10−10 km, λν ∼ 10−4 km, and ∆rstep = 0.1 km.
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The effective conversion probability follows from Eq. B.4:
Pτs(E,n) =
1
n
n∑
k=1
〈Pτs〉(1− sin2 2θ˜〈Pτs〉)k−1 . (B.5)
The energy distribution of sterile (anti-)neutrinos produced through collisions until the
ντ neutrinosphere radius is(
dN
dEdt
)
s,coll
=
N∑
i=1
∆Vi
dnντ
dE
(r′i)Pτs(E,n, r
′
i)Γν(r
′
i) (B.6)
with ∆Vi = 4pir
′2
i ∆rstep,i; this is equivalent to(
dN
dEdt
)
s,coll
=
N∑
i=1
∆Vi
dnντ
dE
(r′i)nPτs(E,n, r
′
i)∆r
−1
step,i . (B.7)
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